It has been suggested that when the expectation about the object's mass does not match the physical value, an illusory heaviness percept can occur[@b1]. Such a mismatching expectation can be based on the object properties such as surface material or size; the latter case results in the size-weight illusion[@b2] (recently reviewed by Buckingham[@b3]). The expectation that a larger object will feel heavy is presumably caused by the fact that larger objects generally contain more material and consequently have a larger mass than smaller objects. When, in contrast, the two objects have the same mass, an illusory heaviness difference occurs.

Recent support for the idea that the size-weight illusion is caused by a mismatch between expected and actual mass is given by a study in which participants were only shown an object prior to lifting, but not during. In that case they still experienced a size-weight illusion[@b4]. Visual information during lifting is thus not necessary to elicit the size-weight illusion, supporting the idea that the size-weight illusion is based on an expectation about the heaviness (or actually the mass[@b5][@b6]) of an object before lifting. That this expectation is likely based on an inferred relationship between size and mass has been demonstrated by Flanagan and colleagues using a learning paradigm[@b7]. In that study participants were asked to repeatedly lift objects from a set in which there was an inverse correlation between the size and mass of the objects (i.e., the smaller objects had a larger mass than the larger objects). During several days to weeks of training the size-weight illusion reduced and ultimately even reversed. So it is reasonable to assume that the size-weight illusion finds its origin in the correlation between the size and the mass of objects.

For many sets of objects made out of the same material the mass of the objects correlates with the size of the objects, i.e. the distance between the outer edges. Research into the size-weight illusion has been mainly conducted with sets of objects that appear to be homogeneous and solid, such that the size of the objects is directly related to the volume of material. However, if a set consists of objects that have holes in it, a larger object can have a smaller volume of material and thus be less heavy than a smaller object. Here we investigated whether a weight illusion can also occur when it is clearly visible that the size of an object does not correlate with the volume of material (and therefore its mass) contained in the object ([Fig. 1](#f1){ref-type="fig"}). If so, this would indicate that a direct relationship between size and expected weight of objects, bypassing the estimation of the volume of material, plays role in heaviness perception.

Results
=======

Experiment 1
------------

In the first experiment we tested whether the size-weight illusion is based on information about the volume of material in an object. Therefore, we determined the perceived heaviness of three objects that differed in size, but contained (visually and actually) the same volume of material: all objects consisted of two equally sized slabs of PVC separated by a spacer ([Fig. 1](#f1){ref-type="fig"}). We will refer to these as spacer-objects. To vary the information about the volume of material, two conditions were performed: 'haptic size only' and 'visual and haptic size'. The two conditions were presented interleaved. In both conditions participants grasped the object between thumb and index finger along the object axis that varied in size. They lifted the object and placed it back on the table. After each lift, participants gave a heaviness rating using a method of free magnitude estimation[@b8]. Participants wore a pair of shutter glasses that opened shortly before the beginning of a trial in the 'visual and haptic size' condition and remained closed in the 'haptic size only' condition. This means that in the 'haptic size only' condition, there was haptic size information available from the grip aperture used for lifting the objects, but participants had no direct cues indicating that the volume of material did not increase with the size of the object. In the 'visual and haptic size' condition participants had in addition to the haptic information visual information about size as well as about the volume of material, i.e. they could see the gap in between the two slabs of PVC. If the incorrectly anticipated mass causing the size-weight illusion is based on an estimate of the volume of material in an object, we expect that there will be no or a very weak illusion in the 'visual and haptic size' condition and an illusion of full magnitude in the 'haptic size only' condition.

The heaviness ratings of the subjects were given in arbitrary units. After converting them to z-scores ([Fig. 2a](#f2){ref-type="fig"}) we determined the perceived heaviness in units of grams ([Fig. 2b](#f2){ref-type="fig"}). Subsequent linear regression to the perceived heaviness as a function of object size yielded an illusion magnitude measure ([Fig. 2c](#f2){ref-type="fig"}): the perceived increase of heaviness in grams per centimetre increase in size. Note that this measure will be negative as the illusion leads to a decrease in perceived heaviness with increasing object size (see Method section for details on data analysis). Repeated measures ANOVA on the perceived heaviness showed that there was indeed an effect of object size (F (2, 18) = 35, p \< 0.0001), and no effect of trial type (F (1,9) = 1.7, p = 0.23), nor an interaction effect (F (2, 18) = 0.012, p = 0.99). The magnitude of the illusion was approximately −12 g/cm in both conditions.

One could argue that the volume of visible material of the larger objects was indeed larger than that of the small objects due to the material of the spacers. Could this be the basis of the measured illusion? Due to the spacer the increase of visible material between the smallest and largest objects was 0.44%, whereas if the object had been solid (as subjects will have assumed in the haptic size only condition) this increase would have been 50%. If the illusory heaviness difference would be based on an estimated volume of material, we would expect that the illusion magnitude in the condition with vision would be only about 0.88% of the magnitude of the illusion in the haptic size only condition. A paired t-test showed that was not the case: the illusion magnitude in the visual and haptic size condition was larger than 0.88% of the illusion magnitude in the haptic size only condition (t (9) = 5.6, p \< 0.0001). This shows that the illusory heaviness difference was not based on a visual estimate of the visible volume of material in our experiment.

We find a clear illusory heaviness reduction consistent with the size-weight illusion for objects that have the same visual volume of material but differ in size. The illusion magnitude in the visual and haptic size condition was much larger than expected based on a visual estimate of the volume of material. This suggests that an estimate of the volume of material was not taken into account in this case. After the first couple of trials, however, participants could have realised that the same set of objects that was used in the visual and haptic size condition might also be used in the haptic size only trials, and thus that haptic size is not a valid cue for the volume of material. If so, the illusion in the haptic size only trials might therefore have been reduced by knowledge about the volume of material in a similar way as the visual and haptic size condition. This may be the reason why we did not find a difference between the conditions (although not very likely, given the very strong illusion). This explanation was investigated in Experiment 2.

Experiment 2
------------

In Experiment 2 we tested whether we can explain the results of Experiment 1 by assuming that participants experienced a considerably reduced weight illusion in both conditions of Experiment 1 due to visual information about the objects obtained from previous trials. If so, the magnitude of the illusory weight difference should be considerably larger if the subjects never see the objects. To this end we repeated the 'haptic size only' condition from Experiment 1 with a new group of participants. These participants had never seen the objects and were never shown the objects during the experiment.

If the magnitude of the illusion found in the 'visual and haptic size' condition of Experiment 1 was reduced due to the participants being aware of how the objects were constructed, the illusion should be larger in Experiment 2.

Upon debriefing all participants reported that they had assumed the objects were solid throughout the experiment. As expected, the perceived heaviness decreased with object size ([Fig. 3a](#f3){ref-type="fig"}, F (2,18) = 14, p \< 0.001). Most importantly, the magnitude of the illusion (−12 g/cm, [Fig. 3b](#f3){ref-type="fig"}) is comparable to the value that was found in Experiment 1. If the illusion found in the haptic size only condition of Experiment 1 were a reduced value due to visual information from interleaved trials, we would expect the illusion to be 113 times larger here in Experiment 2. Clearly this was not the case, and for completeness this was also confirmed with an unpaired t-test (t (18) = 4.1, p \< 0.0001).

The comparison of [Figs 2](#f2){ref-type="fig"}c and [3](#f3){ref-type="fig"}b shows that the magnitude of the illusion in the haptic size only condition of Experiment 1 was not considerably reduced due to the interleaving trials with vision. Instead the illusion appears to have been of (almost) full magnitude in both conditions of Experiment 1.

We can conclude that subjects' judgements were influenced by the distance between the outer edges rather then by a visual measure of the volume of material. It might be that subjects relied on haptic information about object size only. This argument is in line with the suggestion that haptic size information as perceived by handling an object is necessary for a full magnitude of the illusion to occur, because when objects are lifted with a tool such as a string, the illusion is reduced compared to using a direct grip[@b9][@b10]. In Experiment 3 we investigated whether the illusory weight differences found in Experiments 1 and 2 were due to haptic size information dominating all visual information.

Experiment 3
------------

The size of our objects varied only along one axis, the other two axes were kept constant (6 cm). In this experiment we asked participants to lift the objects along one of the constant axes ('haptic size constant' condition), or along the variable axis ('visual and haptic size condition). This means that participants used one hand to interact directly with the objects in both conditions ([Fig. 4a](#f4){ref-type="fig"}). Therefore, participants in this experiment always had direct haptic size information about the object, but in one condition this haptic size information was the same for all objects while in the other it varied with object size.

The perceived heaviness decreased with object size in both conditions ([Fig. 4b](#f4){ref-type="fig"}), indicating that the size-weight illusion is not only based on haptic information about object size. In addition, we found that in the haptic size constant condition all objects were rated to be heavier than in the visual and haptic size condition. Repeated measures ANOVA showed indeed an effect of object size (F (4, 36) = 19, p \< 0.0001) and condition (F (1, 9) = 9.2, p = 0.014), and no interaction effect (F (4, 36) = 1.1, p = 0.36). The magnitude of the illusion was on average −10 g/cm in both conditions ([Fig. 4c](#f4){ref-type="fig"}).

We did not have any expectations for a main effect of condition. The two conditions differ in the way the object is lifted (digits on the side of the object versus digits above and below the object) and the grip configuration must have affected the perceived heaviness. Previous research has indeed shown that grip configuration can influence perceived heaviness[@b11]. Importantly, in both conditions of the current experiment a size-weight illusion occurred and thus also when only visual size information was available. This shows that the illusory weight difference was not, or at least not completely, driven by haptic size information from differences in hand opening. The illusory weight difference between the differently sized objects can therefore not have been solely due to haptic information about size dominating all visual size information.

So far the results of each of the experiments indicated that visual information regarding the volume of material contained in an object does not greatly affect the magnitude of the size-weight illusion. In the next experiment we directly compared the perceived heaviness of a solid looking hollow object to a spacer-object.

Experiment 4
------------

In this Experiment we used 4 objects made out of metal (see Methods for details). Two of these objects were made out of solid pieces of material and therefore varied in size and weight such as they would normally given the density of the material. The third object looked solid but was hollowed out and the forth object was a spacer-object which visually contained the same volume of material as the smallest object ([Fig. 5a](#f5){ref-type="fig"}). Participants were asked to lift an object along the axis that differed in size between the objects and to rate the heaviness of the object using a method of free magnitude estimation. Two groups of participants were tested: one with full vision of the objects and one without vision of the objects.

The heaviness ratings in grams for both groups are shown in [Fig. 5b](#f5){ref-type="fig"}. It can be seen that both groups of participants perceived the two larger objects as less heavy than the small object with the same mass. The magnitude of the illusory weight difference was larger for the solid looking hollow object than for the spacer object ([Fig. 5c](#f5){ref-type="fig"}). To test whether this difference was significant, a mixed repeated measures ANOVA with vision as between subjects factor and object as within subject factor was performed on the illusion magnitude. This analysis showed indeed a main effect of object (F (1,38) = 23, p \< 0.0001), without a significant main effect of vision (F (1,38) = 1.5, p = 0.2) or interaction between object and vision (F (1,38) = 3.4, p = 0.073).

Our results show that both the solid looking hollow object and the spacer-object were perceived to be less heavy than the smaller object of equal mass. This illusory reduction in heaviness was smaller for the spacer-object than for the solid looking hollow object, irrespective of whether the object was visible. The fact that also in the haptic-size only condition the size-weight illusion was reduced for the spacer-object indicates that the reduction of the size-weight illusion between these two objects was not predominantly driven by visual information about the amount of material. If we would interpret the lack of a significant interaction between object type and vision as indicating the absence of such an interaction, this would even suggest that there was no contribution of vision to the difference in illusion magnitude for the two objects. Thus, most likely the difference in the distribution of the mass between these two objects was the main cause of the smaller illusion magnitude for the spacer object.

General Discussion
==================

The results from Experiments 1 and 2 clearly show that a size-weight illusion occurs even for objects that visibly all contain approximately the same volume of material. Although containing the same volume of material is a direct cue indicating that all objects have the same mass, our participants apparently did not take this information into account to form their expectation of the object's mass. The results of Experiment 3 show that the illusory weight differences were not caused by haptic size information dominating visual information. The illusion also occurred in the absence of haptic size differences indicating that visual size differences can also cause the illusory weight differences. In Experiment 4 we found a difference in illusion magnitude between a solid looking hollow object and a spacer-object of the same size (as defined by the outer edges of the object). Although both objects were perceived to be lighter than a smaller object of equal mass, this illusory weight difference was larger for the solid looking hollow object. This difference between the objects, however, persisted in the absence of vision indicating that it was not completely caused by visual information about the volume of material in the object.

The results of each of the four experiments in our study consistently indicate that size can influence perceived heaviness even if it can be seen that the volume of material in the object does not (or only very slightly) vary with size. The fact that the weight illusion did not appear to depend on whether participants could see the objects or not as in Experiments 1 and 2, suggests that visual information about the volume of material in the object did not cause the illusory weight difference. This was again confirmed in Experiment 4. Although the solid looking hollow object and the spacer-object did not yield the same illusory weight difference, this difference was found in the absence of visual information as well. This indicates that the perceived heaviness difference between the two objects was likely due to the distribution of the mass and not due to visual information about the volume of material in the object.

Our experiment 4 suggests that mass distribution plays a role in the size-weight illusion. It has been proposed that the size-weight illusion can be explained solely by differences in moments of inertia for differently sized objects[@b12]. Based on this moments of inertia reasoning, however, one would expect that the 6 cm object of the spacer-object set would be perceived to be heavier than the 5 cm object. Our data shows the opposite effect, as the 6 cm object is rated to be lighter than the 5 cm object. Therefore, a direct scaling of perceived weight based on the moment of inertia of objects cannot explain our finding that within the set of spacer-objects the perceived heaviness decreased with increasing object size.

In this study we have shown that size can influence perceived heaviness largely independent of the volume of material that is visible in an object. In these cases, the size of an object appears to be, treated as directly related to object mass regardless of the volume of material. This suggests that this inferred relationship between size and mass of an object can dominate, or possibly overwrite, certain other visual cues indicating that objects have in fact the same mass. A possible explanation for such dominance of size information would be that most objects we handle are solid. Because in that case size is directly correlated to the volume of material in the object it makes sense that we would have learned a relationship between size and mass irrespective of the volume of material.

It has been suggested that density information, plays a role in the size-weight illusion[@b14] and it is suggested to be a result of the densities of the two differently sized objects being unexpectedly different[@b15][@b16]. Of course, in experiments usually one of the two objects is manipulated to achieve equal masses despite size variations. It has recently been shown that the density of objects tends to vary with the size of objects and that the brain infers this statistical relationship from the environment which leads to the size-weight illusion[@b17]. Our results, however, indicate that perceived heaviness also decreases with object size even when it can be seen that the object is mostly hollow in the centre, thus indicating that a direct inference between size and weight can also play a role in heaviness perception.

Methods
=======

Participants
------------

All participants were recruited among employees and students of the Department of Human Movement Sciences. They were randomly assigned to one of the experiments. Thirty participants were randomly assigned to either Experiment 1, 2 or 3 such that ten participants participated in each of these experiments. Another forty participants (20 per group) took part in Experiment 4. Seven of the participants in the no vision group had also participated in either Experiment 1 or 2. All participants were naive as to the purpose of the experiment. They had normal or corrected to normal vision and none of the participants reported any known somatosensory deficits. Informed consent was obtained from all participants prior to participation in the experiments. The experiment was part of a program that was approved by the ethical committee of the Faculty of Behavioural and Movement Sciences at VU University. The experiments were carried out in accordance with the approved guidelines.

Stimuli
-------

Objects for Experiments 1, 2 and 3 were constructed out of two slabs of PVC (6 × 6 × 1.8 cm). These slabs were the same size for all objects, and an object consisted of two of these slabs connected using thin PVC spacers (0.6 cm diameter) varying in length. By pushing the shorter spacer further into the holes in the PVC slabs, the visible length of the spacer varied while the actual length of the spacer varied much less. This ensured that the mass difference between the objects was less than 1%. Therefore, the set of objects had a uniform mass and varied in size along a single dimension ([Fig. 1](#f1){ref-type="fig"}). By choosing equally shaped slabs of PVC for all objects, correctly estimating the volume of material between the different objects is facilitated, as using differently shaped objects can lead to biases in perceived volume and weight[@b13].

In Experiments 1 and 2, the objects were presented in the orientation as shown in [Fig. 1](#f1){ref-type="fig"}, and always grasped along the variable axis. In these experiments we used four objects from this set: one 4 cm object, two 5 cm objects and one 6 cm object. One of the two 5 cm objects was weighed down with lead such that its mass was 230 g (this was not visible to the participants). The other three objects all had a mass of 180 g. In Experiment 3 we additionally used a 4.5 cm and a 5.5 cm object of 180 g from the set. In this experiment, we enabled the objects to be grasped along a constant and along the variable axis while keeping their orientation the same by rotating the objects 90° with respect to the orientation used in Experiments 1 and 2 such that the variable axis was vertical ([Fig. 4a](#f4){ref-type="fig"}). In Experiment 4 we used a set of objects made out of metal (Duralumin, 2.8 g/cm^3^). Two objects varied in size and weight consistent with the density of the material: small object (4 × 5 × 5 cm, 275 g) and a larger one (5 × 5 × 5 cm, 341). There were also two larger objects. One of these looked solid but was hollowed out in the centre (6 × 5 × 5 cm, 275 g) and the other one was a spacer-object consisting of two slabs of metal with a 2-cm spacer (0.7 cm diameter) in between (6 × 5 × 5 cm, 275 g). Participants always grasped the objects along the variable axis. Because the metal was quite smooth we attached two small patches of sand paper (1 × 1 cm) at the grasping locations to facilitate grasping.

A small visual control experiment was conducted to assess how well participants could visually judge the volume of material in the spacer-object. For the visual control experiment we used a set of comparison objects made out of solid pieces of Duralumin with a cross section of 5 × 5 cm and that varied in length from 2 to 6 cm in steps of 0.5 cm. Nine participants were recruited among the department staff for a very quick assessment of how well participants would be able to compare the volume of material in solid objects to a spacer-objects. The participants were shown a set of comparison objects and were asked to indicate which of these contained the same volume of material as the simultaneously shown 6-cm spacer-object. Participants were quite accurate at this task as the answers varied only between the 4 and the 4.5 cm comparison objects. The average was 4.3 ± 0.09 (SE) cm. This is a slight overestimation as the two slabs of material divided by the spacer were equivalent to the 4 cm solid object. Even if the spacer was taken into account this was an overestimation given that the spacer had a volume of only 0.8 cm^3^ so the solid object with equivalent volume of material would have had to be 4.04 cm long. This indicates that participants were relatively accurate at comparing the volume of material between a solid and spacer-object, but tended to overestimate the volume of the spacer-object by 7.5%.

Experimental design
-------------------

In all experiments each object was presented 10 times in each experimental condition. In Experiment 2 the conditions were performed in separate blocks while in the other experiments conditions were randomly interleaved. In experiment 4 we presented the objects in random order. In order to ensure that all conditions were distributed over the experiment (or block), the objects were presented in groups of trials in the other experiments. In every group of trials, each of the objects was presented once per condition. Participants were never aware that the objects were presented in trial groups, nor were they aware of the total number of objects in an experimental set.

Participants were seated at a table on which the objects were presented. In Experiment 1 they wore a pair of liquid crystal shutter glasses (Plato System; Translucent Technologies, Toronto, Ontario, Canada). The set of objects was always obscured from the participant's view prior to the experiment and in between trials. This ensured that participants never saw more than one object at the same time and they were not aware of the total number of objects in the set. In Experiment 2 and the no vision condition of Experiment 4 the objects were presented behind a curtain such that they were obstructed from view. Participants were instructed to grasp the object between thumb and index finger and to smoothly lift the object to a height of approximately 20 cm and place it back on the table. On trials without vision the participants waited for a verbal signal from the experimenter indicating they could grasp and lift an object. The objects were always placed in the same location such that participants could easily grasp them in the absence of vision. Prior to each of the experiments participants performed a couple of practice lifts with an object that was not part of the experimental set to become familiar with the task.

Analysis
--------

The magnitude of the illusion was calculated by first converting for each participant all heaviness ratings in an experiment from arbitrary units into *z*-scores to be able to compare between participants. All statistical tests were performed on the z-scores. To obtain values that are easier to interpret, we subsequently converted the z-scores into perceived heaviness (in units of grams) based on the difference in z-score between objects that actually differed in mass. In Experiments 1--3 this was done based on the *z*-scores for each of the two 5 cm objects for which there was a physical mass difference. In case there was more than one condition (Experiments 1 and 3) the z-scores for the two 5 cm objects were averaged over the conditions. The average *z*-score for the 5 cm object of 180 g was set to represent 180 g perceived mass. The difference between the average *z*-scores of the two 5 cm objects was divided by the physical mass difference between the two objects (50 g). This ratio was determined on the population level and used to transform the *z*-score values for all objects in each of the conditions into perceived heaviness. In principle this is only an axis transformation of the z-scores. The magnitude of the size-weight illusion in these experiments was determined by a linear fit to the perceived heaviness as a function of object size, resulting is an illusion magnitude measure in units of g/cm.

In Experiment 4 the average z-score for the three objects of 275 g was set to represent 275 g and the difference in z-score between the small and large solid objects divided by the physical mass difference was used to convert the z-scores into units of grams.
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![A set of objects that visually contain the same volume of material, but differ in size (spacer-objects).\
The objects were constructed out of two 6 × 6 × 1.8 cm slabs of PVC. Object size was varied by varying the length of the spacer between the two slabs. In Experiments 1 and 2 we used three 180 g objects varying in size (4 cm, 5 cm and 6 cm) and one 230 g object of 5 cm, in Experiment 3, two more 180 g objects (4.5 cm and 5.5 cm, not shown) were added to the set.](srep17719-f1){#f1}

![Results of Experiment 1, averaged over participants for the different object sizes in both conditions.\
Error bars indicate the between subjects standard error. (**a**) The z-scores of the heaviness ratings. (**b**) The perceived heaviness (heaviness ratings converted into units of grams). The dashed line indicates the mass of the objects. (**c**) The magnitude of the illusion (the slope of a linear fit to the perceived heaviness as a function of objects size for the 180 g objects). The fit was performed on the individual participants' data. Error bars indicate the standard error.](srep17719-f2){#f2}

![Results of Experiment 2.\
(a) Perceived heaviness (dashed line indicates the mass of the objects). (b) The magnitude of the illusion. Error bars indicate the standard error.](srep17719-f3){#f3}

![Experiment 3.\
(**a**) The two conditions: objects were grasped either along the vertical axis that co-varied in length with object size, or a horizontal axis that was the same length for all object sizes. (**b**) Perceived heaviness (the dashed line indicates the mass of the objects). (**c**) The magnitude of the illusion. Error bars indicate the standard error.](srep17719-f4){#f4}

![Experiment 4.\
(**a**) The four objects used in this experiment. The leftmost and rightmost object were solid, the middle two had holes (which were invisible in the right middle one). The left three objects were used to determine the size-weight illusion; the right object allowed us to express the heaviness ratings in grams. (**b**) The perceived heaviness in grams for both groups for the three objects of 275 g. (**c**) The illusion magnitude for both groups. Error bars represent the standard error across participants.](srep17719-f5){#f5}
